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Inspired by pressure resistance welding of metallic materials, 
herein we describe how two MAX phases—TizSiC, and 
Ti,AlC,—were successfully joined by a rapid electric current 
heating method in a pulsed electric current sintering furnace. 
No welding agent was employed and the total processing time 
was less than 6 min. When the bulk temperature of the joint 
couple exceeded 1070°C, good joints, with shear strength above 
50 MPa, were achieved in both homo- and heterojunction 
joints. 


I. Introduction 


S oME MAX phases materials, mainly Ti3SiCj, Ti3AIC3, 
and Ti,AIC, are promising structural materials in nuclear 
and other high-temperature applications due to their excel- 
lent mechanical properties, 7 corrosion resistance,** moder- 
ate irradiation tolerance,° and good oxidation resistance 
properties.” To realize their potential, large and/or com- 
plex-shaped components fabrication techniques, such as gel- 
casting, slip-casting as well as joining need to be developed. 
In general less attention has been paid to joining of MAX 
phases than has been devoted to understanding their proper- 
ties. The former is crucial in the nuclear materials area as the 
joint interface is almost always the source of failures (fatigue 
crack growth, stress-induced damage, low oxidation resis- 
tance, gas or toxic nuclide leakage, etc.” 

In general, joining of structural ceramics can be achieved 
using an inert or reactive filler material. The former includes 
eutectic alloys'® or glasses'! that join through surface wetting 
and capillarity force; the latter reacts with the matrix to form 
transition layers.'? However, the presence of an interlayer 
phase or residual metals and alloys at the interface could cre- 
ate problems if they were less resistant to corrosion or oxida- 
tion, or more susceptible to neutron irradiation. 

In the case of the MAX phases, Yin et al. have shown the 
effectiveness of joining of Ti3SiC, and TizAIC, polycrystal- 
line samples by introducing reactive interlayers of Al or Si, 
respectively.'*'* The same group reported on direct diffusion 
bonding between Ti3SiC, and Ti;AIC,!*> However, these 
methods require relatively long annealing times (30-120 min) 
because the entire assembly needs to be heated to the joining 
temperatures (1200°C—1300°C). 

Recently, a pressure resistance welding (PRW) technique 
was developed to seal Zr-alloy cladding tubes in the nuclear 
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fuel field.'° During PRW, Joule heat builds up at the higher 
electrical resistance contact surfaces in tens of milliseconds 
when an electrical current passes through, which locally 
accelerates self-diffusion and promotes bonding. The applica- 
tion of some pressure during the process promotes plastic 
deformation and ensures good contact between the surfaces 
that are being joined. 

Pulsed electric current sintering (PECS; sometimes referred 
to the spark plasma sintering) has been widely employed to 
fabricate ceramics with fine-grained microstructures which 
are be difficult to densify by conventional methods. This 
method takes advantage of the fast, current-induced Joule 
heating of the graphite dies and the unidirectional load 
applied. Therefore, a PECS facility may be a suitable plat- 
form to test the feasibility of joining of conductive ceramics 
such as the MAX phase. In fact, ZrB.-SiC composites have 
been successfully jointed at 1800°C in 300 s in a PECS fur- 
nace, using a Zr-B filler. Room and high-temperature 
(1350°C) shear strengths, as well as, the oxidation behavior 
of the joined substrates were found to be equal to the base- 
line substrates. 7 

The aim of this work was to apply the PRW concept to 
the joining of Ti;SiC, and Ti3AIC>, henceforth referred to as 
TSC and TAC, respectively, to themselves and to each other 
in a PECS furnace. The resulting microstructures and the 
shear strengths of the joints were evaluated. 


II. Experimental Details 


Commercial TSC and TAC 300 mesh powders, with a purity 
of 98 wt % according to the provider (Beijing Jinhezhi Mate- 
rials Co., Ltd., Beijing, China) were used as starting materi- 
als. The main impurity phases in the TSC powders were TiC 
and TiSi; in TAC, it was Al,O3. The prereacted Ti3;SiC, 
powders were sintered at 1330°C for 600 s using a load cor- 
responding to a uniaxial pressure of 35 MPa. The prereacted 
TizAIC, powders were also PECS sintered at 1260°C for 
600 s using a load corresponding to a uniaxial pressure of 
28 MPa. The relative bulk densities of the as-sintered TSC 
and TAC samples measured by Archimedes principle were 
98.5% and 98.9%, respectively. The sintered samples were 
electrodischarged machined, EDMed, into 
17 mm x 17 mm x 5 mm parallelepipeds. The surfaces to 
be joined were sanded and polished with sandpaper from 
400* to a final one of 2000*. Before joining, the surfaces were 
cleaned with ethanol. 

The following couples—TSC-TSC, TAC-TAC, and TSC- 
TAC, were placed between two graphite punches in the cen- 
ter of a PECS furnace (FCT, HP 25, Germany) cavity as 
shown in Fig. l(a). The joining temperature (Ty) was moni- 
tored and controlled by a pyrometer placed on the top, 
which measured the inner bottom surface of the top graphite 
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punch (the graphite punch designed by FCT was a tubular 
one). The actual bulk temperature (Tp) at, or near, the inter- 
face of the joint was recorded by a second pyrometer (not 
shown in Fig. 1). Three temperatures (Ty), 1150°C, 1200°C, 
>and 1300°C, were used for joining. A load corresponding to 
Oa contact pressure of 15 MPa was applied. At temperatures 
>450°C, the heating rate used was about 2.5 K/s. Once Ty 
was reached, the current was turned off immediately and the 
assembly was allowed to cool in the PECs furnace. The 
entire joining process, from start to finish, lasted <6 mins. 
The joint quality was determined by measuring its interfa- 
cial shear strengths using a laboratory made assembly shown 
in Fig. 1(b). The details can be found in Ref. [18] The shear 
strength was calculated by the equation assuming, t = P/S, 
where t is the shear strength (MPa), P is the maximum load 
(N), and S the bonding area (mm°). Three joints at each tem- 
perature were tested and their average and maximum devia- 
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The maximum Tg recorded by the pyrometer focused on the 
interfacial area, as well as, the maximum currents applied 
during the bonding process as listed in Table I. From these 
results, it is clear that Tg was about 100°C-200°C lower than 
Ty. All else being equal, Ty and Tg of the TAC-TAC couple 
were the highest, those for the TSC-TSC joint the lowest, 
with those for the TSC-TAC couple in between. This 
difference most probably reflects the fact that the interfacial 
resistances of the TAC samples were higher than their TSC 
counterparts. In the remainder of this letter, the discussion 
will refer to Tg because that value is closer to the true inter- 
facial temperature. Note that actual interfacial temperature is 
probably higher. A current of ~1.2 KA, equivalent to a cur- 
rent density of about 470 A/cm? on the joint face, was 
enough to provide the temperature rise for all the joints. 
When the average joints’ shear strengths are plotted ver- 
sus Tg (Fig. 2), two regimes can be discerned. At Tpg’s 
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and (b) shear strength test assembly. 


below ~1075°C, the average shear strengths of the joints 
were at or <40 MPa. The TSC-TSC joint, bonded at ~1023°C, 
exhibited the lowest average shear strength (< 20 MPa). The 
failure was typically located at the interface, indicating 
poor bonding. At around 40 MPa, the average shear 
strengths of the TSC-TAC joint bonded at ~1035°C was 
comparable to that of the TSC-TSC joint bonded at 
1050°C. Note that the shear strengths of the TSC-TAC 
joints were quite scattered, which most probably reflected 
partial bonding in some areas. Both joints had a complex 
failure pattern, where the cracks meandered from the inter- 
face into the bulk. 
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Fig. 2. Shear strengths of the bonded joints. The error bars indicate 
the maximum deviation from average. 


Table I. Joining Parameters (Tg and max current Jm) and Shear Failure Location of TSC-TSC, TAC-TAC, and TSC-TAC 
Joining Couples 
TSC-TSC TAC-TAC TSC-TAC 
T; (°C) Tg (°C) Im (KA) Location Tg (°C) Im (KA) Location Tg (°C) Im (KA) Location 
1150°C ~1023 ~1.21 I ~1059 ~1.16 I ~1035 ~1.14 BI 
1200°C ~1050 ~1.17 BI ~1110 ~1.18 Bamaintyy + I ~1092 ~1.18 Bemainty) + I 
1300°C ~1095 ~1.30 B ~1148 ~1.32 B ~1135 ~1.24 B 


I, Shear fracture at joint interface; B, Shear fracture in bulk. 


Fig. 3. Typical SEM images of polished cross-sections of joints: (a) TSC-TSC in secondary electron (SE) mode, (b) TSC-TSC in BSE mode, (c) 
TAC-TAC in SE mode, (d) TAC-TAC in backscatter electron (BSE) mode, (e) TSC-TAC in SE mode, (f) TSC-TAC in BSE mode. In all 
figures the broad white arrows indicate the location of the original interfaces. 


When the average interfacial strengths of the various 
couples in region I are compared (Fig. 2) it is clear that in 
general the TAC-TAC joints needed higher temperatures to 
achieve the same interface strengths as those that contained 
TSC. 

In region IJ, where the Tg’s were >1080°C, the shear 
strengths of all the joints were quite respectable and were 
independent of the bonding temperatures. The average shear 
strengths of the TAC-TAC joints was centered at about 
63 MPa, whereas for the TSC-TSC joint and TSC-TAC 
joints, the shear strength averaged about 52 MPa. The lower 


strengths for the latter, probably reflect the fact that the 
shear strengths of the bulk TAC samples used herein was 
about 60 MPa, whereas those of TSC bulk were 50 MPa. In 
other words, the joint shear strengths were at least as strong 
as, if not stronger than, the bulk material, which in turn 
explains why most failures occurred in the bulk and away 
from the interface. In other words, the shear strengths of the 
bulk materials determined the strengths. 

To gain further insight in the bonding mechanism, the 
joints were cross-sectioned, mounted and polished, and 
observed in a SEM. Remarkably, and for the most part, it 


was difficult to locate the original interfaces in secondary 
electron (SE) SEM images [Figs. 3(a), (c) and (e)]. Careful 
examination in backscatter electron (BSE) mode in the SEM, 
however, revealed the existence of a faint bonding line [wide 
white arrows in Figs. 3(b), (d) and (f)]. 

When the TSC-TAC joint was imaged in BSE [Fig. 3(f)] 
mode in the SEM, a thin, slightly brighter, layer was 
observed at the bonding interface. The exact nature of this 
layer remains unclear at this time. Yin et al. reported the for- 
mation of TisSiz; at the interface of TSC-TAC joint from 
XRD and TEM observations.!> However, in their work, the 
joining was conducted by longtime diffusion method, which 
provided enough time for equilibrium phase formation. Con- 
sidering the rapid processing of this study, whether this layer 
is TisSiz needs further work. 


IV. Conclusion 


In this study, we successfully bonded Tiz3SiC, and Ti3AIC> to 

themselves and to each other by passing an electric current 

through the joint interfaces. This process has several advan- 

tages: it is rapid and energy efficient. It opens the door for 

using the PRW technique adopted in sealing nuclear fuel 
yeencladding tubes to the MAX phases. 

In summary, TSC-TSC, TAC-TAC, and TSC-TAC cou- 
LOPlss were successfully joined by a pressure resistance joining 
capProcess in a pulse electric current sintering furnace. The elec- 

tric current density used was about 470 A/cm’, which 
TF resulted in a bulk temperature of about 1100°C. Good joints, 

with average shear stresses of between 50 and 60 MPa were 
© produced within a total bonding time of less than 6 min. 
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